Focal adhesion kinase (FAK), 1 a 125-kDa cytoplasmic protein-tyrosine kinase localized in focal contacts, has been implicated to play a crucial role in the control of integrin-mediated cellular functions including cell spreading (1, 2) , cell migration (3, 4) , cell cycle progression (5, 6) , and cell survival (7) (8) (9) (10) . The ability of FAK to transduce signals to the downstream depends on its ability to interact with several intracellular signaling molecules, including Src family kinases (11, 12) , phosphatidylinositol 3-kinase (PI3K) (13, 14) , phospholipase C-␥1 (15), Grb2 (16, 17) , and p130
cas (18) . We have previously shown that the simultaneous bindings of PI3K and p130
cas are required for FAK to promote cell migration (19) and survival (8) . Almeida et al. (7) showed that the FAK-p130 cas complex transduces matrix survival signals via c-Jun NH 2 
-terminal kinase (JNK). This FAK-p130
cas -JNK signaling pathway was also shown to be required for FAK to promote cell cycle progression (5) . The FAK-Grb2 complex has been proposed to trigger downstream signaling pathways, leading to activation of extracellular signal-regulated kinases (ERKs) (17, 20) , which has recently been shown to contribute partially to FAK-promoted cell migration (21) .
Appropriate cell behavior requires coordinate signals from both cell adhesion and growth factors. Evidence has suggested that FAK may be a point of convergence of integrin and growth factor signaling pathways. In addition to cell adhesion, the tyrosine phosphorylation of FAK is also stimulated by growth factors (22) (23) (24) (25) as a result of FAK association with growth factor receptor (26) and/or Src activation by growth factor receptor (22) . The tyrosine phosphorylation of FAK stimulated by growth factors enhances its association with effectors, leading to amplification of downstream signals (22, 27) . More recently, FAK was shown to integrate signals from growth factor receptors and integrins to facilitate cell migration (21, 26) .
Hepatocyte growth factor (HGF), also known as scatter factor, is a multifunctional growth factor that elicits mitogenic, motogenic, and morphogenic activities in various cell types (28 -31) . The diverse biological effects of HGF are transmitted through activation of its transmembrane receptor encoded by the c-met proto-oncogene (32, 33) . Inappropriate activation of HGF/Met signaling has been implicated in the etiology of a number of human tumors and has been shown to confer invasive and metastatic properties to neoplastic cells (34 -38) . Similarly, an increased level of FAK has been found in a variety of invasive human tumors and has been implicated to play a role in tumor progression to an invasive phenotype (39 -41) . We have previously shown that FAK overexpression in MadinDarby canine kidney (MDCK) cells significantly enhances their migration in response to HGF stimulation (21) , indicating that the synergy between FAK overexpression and HGF stimulation facilitates cell migration. In this study, we further demonstrate this synergy leads to cell transformation.
EXPERIMENTAL PROCEDURES
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anti-FAK (clone 77) and anti-phosphotyrosine (PY20) were purchased from Transduction Laboratories (Lexington, KY (8, 21) and were maintained in Dulbecco's modified Eagle's medium supplemented with 10% serum and 0.5 mg/ml G418. MDCK cells stably co-expressing HA epitope-tagged FAK and the SH3 domain p130 cas have been described previously (8) and were maintained in growth medium containing 0.5 mg/ml G418 and 100 units/ml hygromycin.
To generate MDCK cells stably co-expressing HA epitope-tagged FAK and FRNK, MDCK cells that had already overexpressed FAK were grown on 60-mm dishes and co-transfected with 2 g of pKH3-FRNK and 0.2 g of pREP3 using 10 l of LipofectAMINE following the manufacturer's instructions. Clones were selected in growth medium containing 0.5 mg/ml G418 and 100 units/ml Hygromycin and screened for FAK and FRNK expression by immunoblotting with anti-HA. To generate MDCK cells stably co-expressing HA epitope-tagged FAK and kd Src, MDCK cells that had already overexpressed FAK were cotransfected with 2 g of pEVX-Src kd and 0.2 g of pREP3. Clones were selected in growth medium containing 0.5 mg/ml G418 and 100 units/ml hygromycin and screened by in vitro Src activity assay.
Biological Assays-For soft agar colony formation assay, 5 ϫ 10 3 cells were suspended in 2 ml of Dulbecco's modified Eagle's medium containing 0.3% agar and 10% serum with or without 20 ng/ml HGF and added onto a layer of medium containing 0.5% agar and 10% serum in a 60-mm dish. 2 ml of medium containing 0.3% agar and 10% serum with or without 20 ng/ml HGF was added to the dish every other day. Each experiment was performed in duplicate. After 18 days, the number of colonies was measured.
For the Matrigel invasion assay, MDCK cells were pretreated with 10 ng/ml HGF in 5% serum for 12 h and then collected by trypsinization. 5 ϫ 10 4 cells in 250 l of serum-free medium were added to an inner cup of the 24-well transwell chamber that had been coated with 150 l of Matrigel (1:10 dilution in serum-free medium). 750 l of medium supplemented with 10% serum was added to the outer cup. After 24 h, cells that had migrated through Matrigel and filter membrane with 8-m pores were fixed, stained, and counted under a light microscope. Each experiment was performed in triplicate.
Immunoprecipitations, Immunoblotting, and in Vitro Kinase Assays-Cells were lysed in 1% Nonidet P-40 lysis buffer (1% Nonidet P-40, 20 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10% glycerol, and 1 mM Na 3 VO 4 ) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 0.2 trypsin inhibitory units/ml aprotinin, and 20 g/ml leupeptin). The lysates were centrifuged for 10 min at 4°C to remove debris, and the protein concentrations were determined using the Bio-Rad protein assay. For immunoprecipitation, aliquots of lysates were incubated with 3 l of various polyclonal antibodies or 6 l of monoclonal anti-HA or anti-Src for 1.5 h at 4°C. Immunocomplexes were collected on protein A-Sepharose beads. For monoclonal antibodies, Protein ASepharose beads were coupled with rabbit anti-mouse IgG before use. The beads were washed three times with 1% Nonidet P-40 lysis buffer, boiled for 3 min in SDS sample buffer, subjected to SDS-polyacrylamide gel electrophoresis, and transferred to nitrocellulose (Schleicher and Schuell). Immunoblotting was performed with appropriate antibodies using the Amersham Biosciences enhanced chemiluminescence system for detection.
To measure Src activity, anti-Src immunoprecipitates were washed three times with 1% Nonidet P-40 lysis buffer and once in 20 mM Tris buffer. In vitro kinase reactions were carried out in 40 l of kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MnCl 2 ) containing 5 g of acid-denatured enolase (Sigma) and 10 Ci of [r-
32 P]ATP (3000 Ci mmol Ϫ1 ; PerkinElmer Life Sciences) for 20 min at 25°C. Reactions were terminated by the addition of SDS sample buffer, and proteins were resolved by SDS-polyacrylamide gel electrophoresis. To measure the PI3K activity associated with ectopically expressed FAK proteins in MDCK cells, epitope-tagged FAK proteins were immunoprecipitated with anti-HA from cell lysates and subjected to an in vitro PI3K assay as described previously (13) .
RESULTS

The Synergy between FAK Overexpression and HGF Stimulation Leads to Anchorage-independent Cell
Growth and Matrigel Invasion-To examine whether increased expression of FAK and concomitant exposure to HGF lead to cell transformation, stable MDCK cell lines overexpressing HA epitopetagged FAK were established and subjected to the soft agar colony formation assay and the Matrigel invasion assay in the presence or absence of HGF. The expression of ectopic FAK in MDCK cells led to a ϳ3-fold increase in total FAK proteins, and the phosphorylation of FAK was increased upon HGF stimulation (Fig. 1A) . The phosphorylation of Met was increased to a similar level in Neo control cells and FAK-overexpressed cells upon HGF stimulation (Fig. 1A) . Because of no available antibody capable of recognizing canine Met in MDCK cells, Northern hybridization instead of immunoblotting was applied to analyze the expression of c-met. We found that the amount of Met transcripts was not increased by FAK overexpression in the presence or absence of HGF (data not shown). Therefore, it is less likely that FAK overexpression enhances the activation of Met upon HGF stimulation.
The soft agar colony formation assay has been used to measure anchorage-independent cell growth, a hallmark of cell transformation. As shown in Fig. 1B , FAK-overexpressed cells failed to grow in soft agar without the supplement of HGF, indicating that elevated expression of FAK by itself is not sufficient to confer an anchorage-independent phenotype to MDCK cells. Likewise, HGF stimulation alone was not sufficient to support the growth of control cells in soft agar either. However, HGF stimulation allowed FAK-overexpressed cells to grow in soft agar and finally form discrete cell colonies, indicating that the synergistic effect of FAK overexpression and HGF stimulation leads to anchorage-independent cell growth.
Enhanced invasiveness is another characteristic of transformed cells. To examine whether FAK-overexpressed cells acquire invasive potential in response to HGF stimulation, stable MDCK cell lines overexpressing FAK were pretreated with HGF for 12 h and then subjected to an in vitro invasion assay (Fig. 1C) . This assay measures the capability of cells to migrate through a reconstituted basal membrane (Matrigel) and mimics aspects of tumor cell invasion during metastatic process. In the absence of HGF stimulation, MDCK cells did not exhibit any invasive properties, no matter whether FAK was overexpressed (Fig. 1C) . Although HGF has been shown to stimulate the invasiveness of various tumor cell lines (24, 42, 43) , it failed to promote control MDCK cells to invade Matrigel under our experimental conditions. Importantly, HGF stimulation dramatically enhanced the invasive property of MDCK cells overexpressing FAK (Fig. 1C) . In addition to MDCK cells, the synergism between FAK overexpression and HGF stimulation was examined in Chang liver cells. Similarly, FAK overexpression in Chang liver cells renders them susceptible to transformation upon HGF stimulation, judging from the two in vitro transformation assays above (data not shown).
To further confirm the effect of FAK overexpression on promoting HGF-dependent cell transformation, FRNK, a dominant negative construct of FAK, was expressed in MDCK cells that had already expressed WT FAK ( Fig. 2A) . Although FRNK has been reported to be cytotoxic in some cell types (44), it is not the case for MDCK cells, where FRNK only caused a decreased growth rate but not cell death (data not shown). Our result showed that the expression of FRNK significantly (ϳ80%) in-hibited FAK-overexpressed cells to grow in soft agar and invade Matrigel upon HGF stimulation (Fig. 2B) cas , and Grb2, respectively, were established. We first demonstrated that the FAK mutant stably expressed in MDCK cells was indeed specific to the insubjected to a soft agar colony formation assay in the presence or absence of 20 ng/ml HGF, as described under "Experimental Procedures." Colonies were counted after 18 days of incubation. Representative photographs of the experiments are shown. C, stable MDCK cell clones were treated with or without 10 ng/ml HGF in the medium containing 5% serum for 12 h. Cells were trypsinized and subjected to a Matrigel invasion assay, as described under "Experimental Procedures." 24 h later, invaded cells were fixed, stained, and counted using a light microscope. Values (means Ϯ S.E.) are from nine data points from three independent experiments using three different clones for each experimental group. tended defect in the FAK signaling (Fig. 3A) . Next, those cells were subjected to the soft agar colony formation assay and the Matrigel invasion assay. We found that the cells expressing FAK Y397F or P712A/P715A mutant failed to grow in HGFcontaining soft agar and invade Matrigel upon HGF stimulation (Fig. 3, B and C Fig. 3 , the Src/p130 cas signaling pathway is likely to be most critical for FAK to potentiate the HGF-dependent cell transformation. To examine the significance of Src in this model, kd Src, which functions as a dominant negative version of Src, was stably expressed in MDCK cells that had already overexpressed FAK (Fig. 4) . Although the expression of Src kd mutant did not apparently increase the total amount of Src proteins, it significantly suppressed the total Src activity and the tyrosine phosphorylation of FAK stimulated by HGF (Fig. 4A) , supporting an essential role for Src in HGF-stimulated FAK phosphorylation, as previously suggested by our laboratory (22) . Moreover, the expression of Src kd mutant inhibited the potentials of FAK-overexpressed cells to grow in soft agar and invade Matrigel upon HGF stimulation by ϳ70% (Fig. 4B) . Consistently, the selective Src family kinase inhibitor PP1 was found to completely block the transformed phenotypes of FAK-overexpressed cells upon HGF stimulation (Fig. 6B) . To examine the significance of p130 cas in this transformation model, the SH3 domain of p130 cas (CasSH3) was expressed in MDCK cells that had already expressed WT FAK (Fig.  5A) . We have previously demonstrated that the SH3 domain of p130 cas competes with endogenous p130 cas for FAK binding (8, 19) . In this study, we showed that the expression of the SH3 domain of p130 cas in FAK-overexpressed MDCK cells significantly (ϳ90%) inhibited their abilities to grow in soft agar and to invade Matrigel upon HGF stimulation (Fig. 5B) . Together, these results support the significance of the Src/p130 cas signaling cascade in cell transformation. To detect the PI3K activity associated with ectopically expressed FAK, the anti-HA immunoprecipitates were subjected to an in vitro kinase assay for PI3K activity as described under "Experimental Procedures." B, stable MDCK cell clones were subjected to the soft agar colony formation assay in the presence of 20 ng/ml HGF. Values (means Ϯ S.E.) are from nine data points from three independent experiments using three independent clones for each experimental group. Relative colony formation was calculated based on the level of cells overexpressing WT FAK. C, stable MDCK cell clones were treated with 10 ng/ml HGF in the medium containing 5% serum for 12 h. Cells were trypsinized and subjected to the Matrigel invasion assay. 24 h later, invaded cells were fixed, stained, and counted using a light microscope. Data (means Ϯ S.E.) are from 12 data points from four independent experiments using three independent clones for each experimental group. a short (15 min) or long period (6 h) of time before harvest. The activation of intracellular signaling molecules that have been reported to be involved in HGF signaling was then analyzed by immunoblotting with phospho-specific antibodies (Fig. 6A) . HGF stimulation led to sustained activation of ERK, JNK, and AKT in FAK-overexpressed cells but transient activation of these in control cells. Although STAT3 and phospholipase C␥ were reported to be activated by HGF (45, 46) , their phosphorylation levels were not altered in our experiments (data not shown). The expression of the SH3 domain of p130 cas was capable of preventing the sustained activation of ERK, JNK, and AKT by both FAK overexpression and HGF stimulation. Taken together, although we cannot exclude the possibility that signaling molecules other than those examined in this study may participate in FAK promotion of HGF-dependent cell transformation, the sustained activations of ERK, JNK, and AKT are likely to account at least partially for the acquisition of transformed phenotypes. Accordingly, we found that the specific ERK kinase (mitogen-activated protein kinase/extracellular signal-regulated kinase kinase) inhibitor PD98059 efficiently blocked HGF-dependent transformation of FAKoverexpressed cells (Fig. 6B) , supporting the importance of the ERK pathway in this transformation model. In addition, the translation inhibitor cycloheximide could completely inhibit the cell transformation (Fig. 6B) , suggesting that de novo protein synthesis is required for cell transformation induced by the synergy between FAK overexpression and HGF stimulation. DISCUSSION Since FAK has been implicated to play a critical role in regulating integrin-mediated cellular functions including cell migration, cell cycle progression, and cell survival, it is generally believed that an increased level of FAK may contribute to a more aggressive phenotype in tumors. However, the precise role of FAK in tumorigenesis has not been clarified. In this study, we have established an in vitro model to examine the effect of increased expression of FAK on cell transformation. were treated with (ϩ) or without (Ϫ) 10 ng/ml HGF for 15 min before lysis. Src proteins were immunoprecipitated by monoclonal anti-Src and subjected to immunoblotting with anti-Src or an in vitro kinase assay for Src activity. To analyze the phosphorylation of FAK, FAK proteins were immunoprecipitated and subjected to immunoblotting with anti-phosphotyrosine or anti-FAK. B, MDCK cells as described in A were subjected to the soft agar-colony formation assay and the Matrigel invasion assay in the presence of HGF. Data (mean Ϯ S.E.) are from nine data points from three independent experiments using three independent clones for each experimental group. Relative colony formation and Matrigel invasion were calculated based on the level of cells overexpressing FAK alone.
Enhancement of HGF-elicited Signal Transduction Pathways by FAK Overexpression-To
FIG. 5. Inhibitory effect of the SH3 domain of p130
cas on FAK promotion of HGF-dependent cell transformation. A, cell lysates from control cells (Neo) and stable MDCK cells expressing HA epitopetagged FAK, CasSH3, or both FAK and CasSH3 (FAK/CasSH3) were analyzed by immunoblotting with anti-HA. B, MDCK cells as described for A were subjected to the soft agar colony formation assay and the Matrigel invasion assay in the presence of HGF. Data (mean Ϯ S.E.) are from nine data points from three independent experiments using three independent clones for each experimental group. Relative colony formation and Matrigel invasion were calculated based on the level of cells overexpressing FAK alone.
The results described in this report demonstrate that a synergism between FAK overexpression and HGF stimulation leads to MDCK cell transformation, judging from two in vitro characteristics, anchorage-independent cell growth and Matrigel invasion. Notably, neither FAK overexpression nor HGF stimulation alone is capable of transforming MDCK cells. Therefore, our results suggest that an elevated expression of FAK may sensitize cells to HGF stimulation, leading to aberrant amplification of certain intracellular signals important for the control of fundamental cellular functions. It is possible that FAK may play roles in two crucial stages during tumorigenesis by its capability to confer an anchorage-independent growth and to promote invasiveness of tumor cells upon growth factor stimulation. It has previously been shown that the expression of the constitutively activated form of FAK (CD2-FAK) by anchoring it to the plasma membrane protected MDCK cells against apoptosis upon detachment and led to an anchorage-independent growth in soft agar and tumor formation in nude mice (9) . Because the activity and phosphorylation of FAK can be activated by HGF stimulation in a manner independent of integrin-mediated cell adhesion (22) , it is likely that signals activated by the synergy between FAK overexpression and HGF stimulation may be analogous to those transduced by CD2-FAK.
Because integrins and growth factor receptors share many common elements in their signaling pathways, it is clear that there are many opportunities for integrin signals to modulate growth factor signals and vice versa. For example, integrins can induce various growth factor receptors including Met to undergo ligand-independent activation, at least to the extent of enhanced tyrosine phosphorylation after cell adhesion (47) . Because FAK is known to be activated by cell adhesion, it was thought to be involved in this process. However, FAK overexpression seems not to enhance the phosphorylation of Met in the presence or absence of HGF stimulation (Fig. 1A) , suggesting that the transformed cell phenotype observed in this study is not simply the result of an enhanced activation of Met by FAK overexpression. In fact, FAK has been demonstrated not to be involved in cell adhesion-elicited activation of Met or epidermal growth factor receptor (47, 48) . Nevertheless, our results suggest that FAK is more likely to serve as a functional amplifier to potentiate HGF-triggered activation of signaling pathways. Similarly, in human embryonic kidney 293 cells (22) , the expression of Src kd mutant or the addition of a selective Src inhibitor prevents HGF-induced FAK phosphorylation in MDCK cells (Fig. 4) . We propose that following Met activation, Src in turn is activated to phosphorylate FAK independent of integrin activation, thereby generating an additional signaling platform to potentiate HGF-elicited signals. Alternatively, HGF may cause the tyrosine phosphorylation of certain integrins such as ␣ 6 ␤ 4 (49) , which then induces FAK to undergo autophosphorylation. Recently, FAK has been shown to be activated by integrin ␤ 4 (50) .
In cas has previously been shown to be essential for FAK to promote cell survival (7, 8) and migration (21, 51) . Thus, it is likely that p130
cas may contribute to cell transformation by its function at least in promoting cell survival and migration, both of which are relevant to anchorage-independent growth and invasion, respectively. In fact, p130
cas was originally identified as a major tyrosine-phosphorylated protein in cells transformed by v-src (52) or v-crk (53) . Its phosphorylation and subsequent association with adaptor protein Crk has been shown to be critical for its function (54) . Thus, although Src may contribute to cell transformation by pathways independent of p130 cas , its necessity in FAK promotion of HGF-dependent transformation may be the result of its function, at least, in phosphorylating p130
FIG. 6. Enhancement of HGF-elicited signalings by FAK overexpression.
A, control cells (Neo) and stable MDCK cells overexpressing FAK or both FAK and CasSH3 (FAK/CasSH3) were serum-starved for 24 h and then incubated with 10 ng/ml HGF for 15 min or 6 h before lysis. An equal amount of cell lysates was analyzed by immunoblotting with antibodies as indicated. A representative result of three experiments is shown. B, MDCK cells overexpressing FAK were subjected to the soft agar-colony formation assay and the Matrigel invasion assay in the presence of HGF and an inhibitor. 100 M PD98059, 10 M PP1, or 10 g/ml cycloheximide was used in both assays. The solvent Me 2 SO was used as a control. Data (means Ϯ S.E.) are from three independent experiments. Relative colony formation and Matrigel invasion were calculated based on the level of cells in the presence of HGF and Me 2 SO.
We have previously shown that unlike FAK WT, the D395A mutant failed to protect MDCK cells from UV-induced apoptosis (8) and to promote cell migration on matrix proteins (21) . In this study, however, we found that the FAK D395A mutant, similar to WT, was able to confer a transformed phenotype to MDCK cells upon HGF stimulation (Fig. 3, B and C) , indicating that the direct binding of PI3K is dispensable for FAK to exert its transforming activity upon HGF stimulation. Nevertheless, our results did not exclude the necessity of PI3K activity in this transformation model. It is known that HGF treatment substantially activates PI3K in MDCK cells (55, 56) ; therefore, it is possible that the extent of PI3K activation by HGF stimulation may have already reached its threshold for cell transformation, regardless of the fraction of PI3K activated by FAK. Consistent with this, we found that the specific PI3K inhibitor LY294002 completely inhibited FAK-overexpressed cells from growing in HGF-containing soft agar and to invade Matrigel upon HGF stimulation (data not shown).
To identify the downstream signals responsible for cell transformation by the synergistic effect of FAK overexpression and HGF stimulation, the HGF-elicited activation of intracellular signaling molecules was compared between FAK-overexpressed cells and control cells. Among the molecules examined in this study, the duration of ERK, JNK, and AKT activation elicited by HGF stimulation was prolonged by FAK overexpression, rendering it likely that the sustained activation of these signaling molecules may at least partially account for cell transformation in this model. In addition, because of the inhibitory effect of the SH3 domain of p130 cas on the sustained activation of ERK, JNK, and AKT, it is possible that the signals downstream of p130 cas may target to these molecules. In fact, the signals transmitted by p130
cas have been shown to activate ERK (57) and JNK (5, 7); however, the possibility for p130
cas to activate AKT in this model remains to be tested.
The HGF receptor is the product encoded by the c-met protooncogene (32, 33) . Inappropriate activation of the HGF/Met pathway has been implicated in the etiology of a number of human tumors and has been shown to confer invasive and metastatic properties to cancer cells (34 -38) . Similarly, an elevated level of FAK has been implicated to play a role in tumor progression to an invasive phenotype (39 -41) . In this study, we provide evidence that an increased level of FAK may render cells susceptible to transformation by HGF at a concentration that does not induce cell transformation, suggesting a synergism between HGF/Met signaling and FAK signaling. In addition to HGF, several growth factors have been shown to activate FAK (22) (23) (24) (25) . Accordingly, epidermal growth factor also induced a transformed phenotype in MDCK cells overexpressing FAK, although to a lesser extent (data not shown). Therefore, our results implicate that increased expression of FAK may generally accompany growth factors in tumorigenesis and support the use of FAK expression level as a marker for occult invasion in premalignant conditions.
